ABSTRACT
We have devised a generally applicable strategy for analysis of protein structure and have applied it to examine the structure of the transmembrane portion of the Tar receptor of Escherichia coli. The basis of our approach is the use of disulfide cross-linking to identify residues that are within close proximity. To generate and test large numbers of cysteine pairs, we used an unusual method of mutagenesis by which cysteine substitutions can be created randomly at a number of targeted codons. Cysteine-substituted proteins encoded by mutagenized genes may be screened directly for disulfide formation within oligomers or, alternatively, different pools of genes may be randomly recombined to generate gene populations with substitutions in multiple regions. Thus, it is possible to detect a variety of disulfide cross-links between and within individual protein molecules. Interactions between the four membrane-spanning stretches of the Tar dimer were probed by measuring the tendency of 48 cysteine substitutions throughout this region to form disulffide cross-links with one another. We have interpreted these data to suggest a helical-bundle structure for the transmembrane region. The four helices of this bundle are not structurally equivalent: the two TM1 helices interact closely, whereas the TM2 helices are more peripherally located.
The Tar receptor of Escherichia coli is a transmembrane signal transducer protein involved in the detection of chemotactic effectors. It is a member of a family of related receptors, the methyl-accepting chemotaxis proteins, which share considerable amino acid sequence similarity (1) . Tar appears to act as a dimer (2) . It mediates repellent responses to nickel and cobalt ions and attractant responses to aspartate and maltose (3) . Each 553-amino acid monomer of Tar is comprised of relatively large periplasmic and intracellular domains as well as two membrane-spanning domains that are thought to be a-helical (4) . ( The transmembrane topology of Tar is illustrated in Fig. 1 .) Ligands bind to the periplasmic region of Tar (5) (6) (7) (8) leading the receptor to modulate the activity of the soluble autophosphorylating kinase CheA (9, 10) . This initial event leads, through a series of additional intracellular interactions, to altered bacterial swimming behavior.
The nature of the protein conformational changes that mediate communication across lipid bilayers is unknown. The Tar receptor resembles the mammalian epidermal growth factor and insulin receptors in that each of these proteins consists of large soluble domains linked by a small number of transmembrane stretches. In contrast to the epidermal growth factor receptor, the oligomeric state of the Tar receptor does not change as a consequence of ligand binding (2); thus any structural changes involved in transmembrane signal transmission occur within the preformed receptor dimer. We presume that ligand binding results in a conformational change in the periplasmic domain and that this change is then propagated by the four transmembrane domains to the cytoplasmic domain. The structure of the isolated periplasmic domain of the Tar protein of Salmonella typhimurium was recently solved by x-ray crystallography (11) . Analysis of this structure indicates that ligand binding induces a shift in the relative orientation of the receptor monomers. An understanding of the nature of the transmembrane conformational changes will require three-dimensional structural information for the membrane-spanning domains-a goal that has been frustrated by difficulties encountered in preparing crystals of intact methyl-accepting chemotaxis proteins. Accordingly, our current efforts have focused on development of a structural model of the Tar transmembrane domains through biochemical means.
We have used a cysteine disulfide cross-linking approach to analyze the structure of the Tar transmembrane domains. Disulfide cross-linking using small numbers of naturally occurring or engineered cysteine residues has been employed to probe protein structure (2, (12) (13) (14) (15) (16) (17) (18) (19) (Fig. 2 ). E. coli K0607 (21) and HCB721 (22) lack functional methyl-accepting chemotaxis proteins genes. Additionally, HCB721 lacks functional cheR and cheB genes.
Introduction of Cysteine Substitutions. Double-stranded oligonucleotide cassettes for TM1 mutagenesis were ligated to pAP200 DNA (Fig. 2) . Mutagenesis of TM2 was performed by site-directed mutagenesis (23) of M13AP1 single-stranded DNA. M13AP1 is an M13mpl9 (24) containing the Xba I-Kpn I restriction fragment of pAP200. Replicative-form DNA from pooled mutagenized M13AP1 candidates was digested with Xba I and Kpn I restriction enzymes, and the TM2-
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Cysteine Mutant Recombination. Pools of plasmids bearing tar genes with cysteine substitutions in both transmembrane regions were prepared by random recombination in vitro of EcoRI-Xba I DNA fragments bearing substituted TM1 and TM2 regions. Two separate pools were prepared. For pool A, genes with cysteine mutations at TM1 residues 7-25 and TM2 residues 201-212 were recombined. Cysteine substitutions of TM1 residues 15-33 and TM2 residues 189-200 were recombined for pool B. Recombinant plasmid DNA was introduced into strain HCB721, and individual transformants were selected for cross-linking analysis as described below.
[Cys25,Cys189] and [Cys25,Cys192]Tar variants were individually constructed in a similar manner.
Mutagenic Oligonucleotide Synthesis. Mutagenic oligonucleotides were synthesized by a variation of a protocol developed by M. Zollar and D. Botstein (personal communication). Two solid-phase DNA synthesis columns were operated simultaneously, and resin support with partially completed oligonucleotides was periodically exchanged between the two columns. One column was programmed to synthesize the wild-type sequence, and the other was programmed for the repeated synthesis of a cysteine codon. To achieve 10% substitutions per codon, the first targeted codon was synthesized with 10% of the resin in the cysteine column and the remainder in the wild-type sequence column. After the synthesis of each codon, all resin was removed, mixed, and redistributed as before.
Disulfide (Fig. 3) .
Homologous Disulfide Cross-Linking. We initially assembled a set of plasmid-borne mutant tar genes containing cysteine substitutions at nearly all TM1 and TM2 residue positions (Table 1) . These substitutions were introduced by using synthetic oligonucleotides. Upon oxidation, pairs of homologous cysteine residues (i.e., the corresponding residues of the two monomers of the Tar dimer) may form intermolecular disulfide bridges. After oxidation with iodine, disulfide cross-linked forms of Tar were identified by their efficiency; -, no detectable cross-linking (<5%).
distinct electrophoretic mobilities (Fig. 4) . Since there are no cysteines in wild-type Tar, any observed Tar cross-linking is due to the experimentally introduced substitutions. For isolates bearing multiple substitutions, the cysteine residues participating in disulfide formation were identified by comparison with mutant tar genes that contained only one or the other substitution. To determine whether reaction of iodine with other Tar amino acid side chains might alter the native structure of Tar, we examined the effect of iodine treatment on the ability of wild-type Tar to stimulate CheA autophosphorylation in vitro (9, 10). Substantial Tar activity was retained (L. Alex and A.A.P., unpublished data); thus, it is unlikely that iodine treatment significantly perturbs Tar structure.
Of the 48 "homologous" cysteine pairs tested, only four were found to form disulfide bonds efficiently (with >50% yield); these involved positions 11, 22, 25, and 29 of TM1 (Table 1 ). An additional nine TM1-TM1 and five TM2-TM2 disulfide pairs formed, but inefficiently (5-20%o). Thus, efficient disulfide formation under these conditions identifies a small subset of cysteine residue pairs that are in close proximity. This high degree of specificity may result in part from the rapidity of the oxidation reaction. Cross-linking is completed within 15 sec of iodine addition (data not shown).
When TM1 and TM2 are modeled as a-helices, the homologous disulfide-forming positions are found only on one side of each helix (Fig. 5) . This observation supports the supposition that TM1 and TM2 are essentially a-helical. Furthermore, the asymmetric distribution of these positions suggests the gross orientation of the four transmembrane helices of the Tar dimer. We expect that the helical face upon which disulfide-forming residues are found is directed toward its homologue in the other monomer.
Heterologous Disulfide Cross-Linking. The homologous disulfide bonds described above probe two (TM1-TM1 and TM2-TM2) of the four sets of pairwise transmembrane domain interactions that could occur in the three-dimensional structure of Tar. To probe TM1-TM2 interactions either within (intramolecular) or between monomers (intermolecular) of the Tar dimer, we examined Tar variants with cysteine substitutions in both transmembrane domains. Plasmids expressing such variants were prepared by random recombination of pools of TM1 and TM2 cysteine mutants. Candidates from the recombinant plasmid pools were then screened for disulfide formation.
Of 192 isolates examined, 15 expressed variant Tar proteins that formed disulfide cross-links efficiently. The tar genes of these isolates were then analyzed by DNA sequencing to determine the sites of the relevant cysteine residues. Both intermolecular and intramolecular disulfides between TM1 and TM2 were identified (Table 2) . Thus, each TM1 helix appears to interact with both of the TM2 helices in the Tar dimer.
Structural Modeling. We have used computer-aided molecular modeling to construct a structural model for the Tar transmembrane structure based on cross-linking data. For this purpose, we considered only the heterologous and ho- mologous cross-links that form efficiently. Inefficient crosslinking positions are presumably separated by greater distances and were not considered for detailed model building. We also excluded from consideration those isolates for which, because of the number of cysteine substitutions, the residues that participate in disulfide formation could not be identified unambiguously. Four a-helices of appropriate length were constructed and arranged parallel to one another with their termini oriented as dictated by the known transmembrane topology of Tar. The helices were then rotated on their long axes so that residue pairs that form cross-links were roughly oriented toward one another. To reduce computational complexity, methyl groups were substituted for each amino acid side chain. Molecular dynamics simulation and energy minimization calculations were performed using distance and angle constraints between (3carbons at disulfide-forming residue positions. The structures were also constrained to remain a-helical. The distance between -carbons in the final model is 4.6 ± 0.7 A (mean ± SD). The resulting structure is essentially an a-helical bundle; however, the four helices are not structurally equivalent (Fig. 6) . The TM1 helices are located centrally and interact extensively with one another. The central position of the TM1 helices is not dependent on the initial orientation of the helices; a similar structure results if TM2 helices are placed in close proximity at the start of molecular modeling calculations.
DISCUSSION
We have developed and demonstrated a generally applicable strategy for analysis of protein structure; this strategy involves the introduction and cross-linking analysis of large numbers of cysteine residue pairs. The feasibility of this approach depends strongly on a technique for the random introduction of cysteine substitutions. A pool of single or multiple cysteine substitution mutants may thus be assembled, and the encoded protein variants may be screened for disulfide formation directly without prior determination of DNA sequence changes. It is also possible to identify positions between which disulfide formation does not occur. Since cysteine substitutions are randomly distributed among the targeted positions, the probability that any particular cysteine substitution or pair of cysteine positions is present in the mutant pool can be readily calculated.
The interpretation of limited disulfide cross-linking data in terms of three-dimensional structure is complicated by the fact that interatomic distances cannot be determined directly from the rate conserved transmembrane residues are found to be capable of participating in at least one interhelical interaction. The conservation of these amino acids presumably reflects their important structural and/or functional roles; thus this correlation provides support for our model. The inefficiently forming homologous cysteine pairs described above generally fall in the interior of the predicted a-helical bundle structure. We presume that disulfide formation between these distant positions occurs as the receptor, undergoing random structural fluctuations, momentarily assumes a variety of alternative conformations. In some cases these fluctuations must involve rather large-scale molecular motions, on the order of 10 A. Nonetheless, they do not seem to involve complete loss of folded structure since disulfide formation is not observed between residues located on exterior helical faces. A high degree offlexibility for the soluble domains of Tar has been suggested (14) on the basis of measurements of cysteine cross-linking rates.
Of the three highly conserved hydrophilic residues in the transmembrane domains, two (Gln-22 and Ser-25) are situated in the TM1-TM1 interface; in fact, these correspond to two of the four efficient homologous disulfide-forming residue positions. Hydrogen-bonding interactions between these side chains might stabilize the TM1-TM1 interaction. Such interactions could contribute significantly to structural stabilization as a result of their hydrophobic environment (27, 28) .
Based on the recently determined three-dimensional structure of the Tar periplasmic domain, Milburn et al. (11) have proposed a model for the structural arrangement of the transmembrane domains. This model was constructed by extension of long periplasmic a-helices into the transmembrane region and thus is not based upon direct evidence for interactions between the transmembrane helices. Nonetheless, the overall topology predicted in this way should be accurate and is identical to the topology we have proposed. Although our approach may correctly predict general features of transmembrane domain structure; its ability to accurately characterize structural details is uncertain. Specifically, cysteine pairs with similar cross-linking behavior might actually be separated by different distances. Highly flexible helical regions might interact more readily than inflexible ones and thus appear inappropriately close in our analysis. Differential accessibility by iodine to various structural regions might produce-similar effects and steric factors may also play a role in determining the efficiency of disulfide formation.
The structural model that we have described provides testable predictions. For example, additional cysteine substitutions can be constructed and analyzed on the basis of residue proximity in the model. Furthermore, residues that appear to be intimately involved in helical interactions are logical targets for directed mutagenesis. We expect that disruption of such interactions will result in informative signaling phenotypes. Finally, we anticipate that the use of similar cross-linking techniques will help to reveal the transmembrane conformational changes that play a role in signal transduction.
